Abstract. The effects of glucose and products inhibition on the growth of an ethanol type fermentation bacterium Oligosphaera ethanolica T in the phylum Lentisphaerae was investigated. Glucose concentration below 3.8 g L -1 was completely converted, while 30 g L -1
Introduction
Hydrogen production from organic wastewaters and solid wastes has attracted significant attention. Fermentative hydrogen production from carbohydrates is always accompanied by the production of liquid metabolites, such as volatile fatty acids (VFAs) and ethanol. There are five recognized fermentation types in acidogenesis: acetate-type, butyrate-type, propionate-type, ethanol-type and lactate-type fermentation. The hydrogen-producing fermentative type in biological reactor determines the hydrogen-producing efficiency. Ethanol type fermentation generates ethanol, acetate, H 2 and CO 2 . The ethanol-type fermentation flora has a higher hydrogen-producing speed and a higher level of hydrogen content than organic acid-type fermentation flora [1] . It has been reported that end product such as VFAs and ethanol can be inhibitory to microbial growth depending on its concentrations [2] . High substrate concentration could inhibit hydrogen production due to acid accumulation. High concentration of VFAs will result in cell lysis and inhibit hydrogen production. The main species identified as responsible for the biological production of hydrogen are Enterobacteria, Ethanoligenens, Bacillus and Clostridium [3] . Oligosphaera ethanolica is an anaerobic, mesophilic, hydrogenand ethanol-producing bacterium , which is the first isolate at the subphylum level within the phylum Lentisphaerae known as 'WWE2 subgroup I' isolated from anaerobic wastewater treating sludge [4] . In this study, hydrogen production potential of O. ethanolica with various carbohydrates and corn straw was investigated.
Materials and Methods

Microorganism and Culture Conditions
Oligosphaera ethanolica strain 8KG-4 T (DSM 24202) is an ethanol type fermentation bacterium isolated from granular sludge treating high-strength organic wastewater [4] . The strain was routinely cultured anaerobically (N 2 /CO 2 =80/20, v/v) on 2 mM glucose medium at 37 °C, with pH 7.0 without shaking. Methanospirillum hungatei (DSM 864) was purchased from the DSMZ. The basal medium for cultivation was prepared as described previously [5] .
Effects of Initial Glucose and End Products on Growth and Hydrogen Production
The effect of glucose concentrations on the growth of O. ethanolica in pure culture and co-culture with M. hungatei was checked in the range of 0.3-38 g/L glucose. Except otherwise stated, all experiments were conducted with 35-ml (liquid volume, 10 ml) serum vials in triplicate at 37 °C, with exponential-phase pure culture of O. ethanolica grown on glucose medium as the inoculum (10%, v/v). In this experiment, the growth of cells was determined by the increase in OD 600 , monitoring glucose depletion and hydrogen (or methane) production. The effect of acetate and ethanol on the growth and glucose consumption of O. ethanolica in pure culture was checked in the medium containing 2 mM glucose at 37 °C with pH 7.0. Initial sodium acetate concentrations (10-200 mM) and ethanol (20-300 mM) were added, respectively. The control test was conducted without sodium acetate and ethanol addition. To test the effect of hydrogen partial pressure (pH 2 ) on the growth and glucose consumption of O. ethanolica in pure culture and co-culture with M. hungatei, 101 kPa mixture of (H 2 /CO 2 /N 2 =3/1/1, v/v) was used to sparge the headspace of the serum vials containing 2 mM glucose medium at the start of the experiments. The control test was conducted in parallel under 101 kPa of N 2 /CO 2 (80/20, v/v).
Evaluation of Hydrogen Production from Carbohydrates and Corn Straw
Hydrogen production potential from carbohydrates were carried out on 1 g L -1 , 5 g L -1 and 10 g L -1 xylose , 5 g L -1 and 10 g L -1 galactose, and thermal NaOH pretreated corn straw (TS, 1%). Corn straw used in this study was smashed to 1-2 mm pieces using a grinder. The biomass was pretreated using 0-1.0% (w/v) NaOH at 115 °C for 30 min, and then neutralized with 1N HCl to pH 7.0-7.2 before incubation. All experiments were conducted with 35-ml (liquid volume, 10 ml) serum vials, except that corn straw conducted with 300-ml (liquid volume, 110 ml) serum vials, in triplicate at 37 °C for 5 weeks.
Analytical Methods
Glucose concentration was determined by a glucose biosensor (SBA-40D, China). Hydrogen and methane were measured by a gas chromatograph as described previously [6] . Cell growth was measured in terms of optical density at 600 nm (OD600). Data were presented as mean ± standard deviation (SD).
Results and Discussion
Oligosphaera ethanolica strain 8KG-4
T is an anaerobic, mesophilic, hydrogen-and ethanol-producing bacterium, which is the first isolate at the subphylum level within the phylum Lentisphaerae known as 'WWE2 subgroup I'. O. ethanolica was isolated from granular sludge treating high-strength organic wastewater [4] . The strain could grow in a wide range of pH (range 6.5-7.5), temperature (25-40 °C), and could grow fermentatively on glucose, ribose, xylose, galactose and sucrose [4] . In this study, properity of hydrogen production and hydrogen potential with various carbohydrates and corn straw were investigated.
Effect of Glucose Concentration on Growth of The Pure Culture and Coculture
To investigate substrate tolerance, initial glucose concentrations ranging from 0.3 to 38 g/L were tested in this study. Fig. 1 illustrates growth, glucose degradation efficiency and hydrogen (or methane for co-culture) production of O. ethanolica in pure culture and co-culture with hydrogenotrophic methanogens of M. hungatei at different initial glucose concentrations during one month of incubation. Glucose concentrations lower than 3.8 g L -1 was degraded completely by the pure culture (Fig. 1, a-1) . When glucose concentration increased from 3.8 to 25 g L -1 , hydrogen yield and glucose degradation efficiencies gradually decreased, and 30 g L -1 glucose completely prevented the growth and hydrogen production of the pure culture (Fig. 1, a-1) . The average hydrogen yield was 1.8 mol H 2 mol -1 glucose with initial pH of 7.0 at 37 °C. The addition of M. hungatei improved approximately 2 times higher growth rate compared to that of the pure culture. The strain grew well on high glucose concentrations (e.g., 38 g L -1 ) when it was co-cultured with M. hungatei (Fig. 1, b) . At initial glucose concentration below 5 g L -1 , glucose could be completely degraded by the coculture (Fig. 1, b-1) . When the initial glucose increased to 38 g L -1 , the glucose consumption reduced, achieving 23 % of glucose degradation efficiency. These results suggest that strain O. ethanolica could grow in high nutrient habitats with methanogens. Acetate, ethanol and hydrogen are predominant products of O. ethanolica from glucose fermentation [4] . To determine the effect of soluble end products on growth and hydrogen production of the pure culture of O. ethanolica, 0-200 mM acetate and 0-300 mM ethanol were added in 2 mM glucose, respectively (Fig. 2) . Initial acetate concentration above 20 mM decreased the glucose degradation efficiency and the growth of pure culture. In the case of acetate addition below 100 mM, glucose almost completely degraded during two weeks of incubation. However, initial acetate concentration of 200 mM decreased the glucose consumption by 55%. This results indicated that O. ethanolica could endure high level of acetate. Our previous study also indicated that O. ethanolica could grow at 1% (171 mM) NaCl [4] , suggesting that the strain had potential for hydrogen production. Compared with acetate, ethanol exhibited more significant inhibition on growth and hydrogen production of O. ethanolica (Fig. 2b) . Ethanol up to 100 mM had 45% inhibition on the growth and glucose consumption during two weeks of incubation. Supplementation of 200 mM ethanol showed 86% inhibition on the growth and glucose consumption, and complete inhibition of glucose consumption occurred at 300 mM ethanol addition even after one month of incubation. Hydrogen partial pressure (pH 2 ) is one of the key factors affecting hydrogen production, because H 2 -producing reactions become more feasible thermodynamically at low pH 2 . In general, hydrogen synthesis pathways are sensitive to hydrogen concentrations. Under high hydrogen partial pressure of 25 mmol/L, the growth and glucose consumption of the pure culture was prolonged, indicating that the strain is sensitive to pH 2 (data not shown).
Effect of end Products on Growth and Hydrogen Production
Hydrogen Production from Carbohydrates and Corn Straw
O. ethanolica could grow fermentatively on glucose, ribose, xylose, galactose and sucrose [4] . Glucose, xylose and galactose are monomeric sugars hydrolyzed from cellulose and hemicellulose. In this study, hydrogen production behavior from xylose and galactose by O. ethanolica was carried out. The maximum hydrogen yields were 49.6, 55.7 and 30.7 ml H 2 /g-xylose in 1, 5 and 10 g L -1 , respectively (Fig. 3 a) . 5 g/l of xylose may be the most suitable concentration for hydrogen production by O. ethanolica. The maximum hydrogen yields were 27.4, and 21.2 ml H 2 /g-galactose in 5 and 10 g L -1 , respectively (Fig. 3 b) . Hydrogen yields of 0.33 mol/mol-xylose and 0.37 mol/mol-xylose were obtained at 1 g/L xylose and 5 g/L xylose, respectively. Xylose showed higher hydrogen yield than galactose. Hydrogen yields of 0.22 mol/mol-galactose and 0.17 mol/mol-galactose were obtained at 5 g/L galactose and 10 g/L galactose, respectively. The maximum hydrogen yield from monomeric sugars by O. ethanolica is lower than that by facultative anaerobe Enterobacter aerogenes [7] . To investigate the potential of hydrogen production, batch experiments were conducted with thermal alkaline pretreated corn straw as sole substrate. In this study, corn straw was pretreated with 0%, 0.25%, 0.5%, 1.0% NaOH (w/v), respectively in an autoclave at 115 °C for 30 min. The cumulative hydrogen production from pretreated corn straw with different NaOH concentrations was shown in Fig. 3c . Pretreatment without NaOH (11.0 mL/g corn straw) gave higher hydrogen yields than 0.25% NaOH (4. 8 mL/g corn straw), 0.5% NaOH (0.8 mL/g corn straw) and 1.0% NaOH (0 mL/g corn straw) loadings. The pretreatment is not required for saccharification of substrate. The maximum cumulative hydrogen yield (11.0 mL/g-corn straw) was much lower than mesophiles of Clostridium sp. (92.9 mL H 2 /g-untreated corn straw) [8] and Ethanoligenens harbinense (72 mL H 2 /g-acetic acid steam explosion treated corn straw) [9] . These observations indicate that NaOH pretreatment was not a suitable pretreatment method for hydrogen production from lignocellulosic biomass by O. ethanolica.
